Ultrathin carbon-coated LiMnPO 4 (ULMP/C) nanoplates were prepared through an ethylene glycol-(EG-) assisted pyrolysis method. Different from most of LiMnPO 4 /C works, the obtained ULMP/C possessed relatively small particle size (less than 50 nm in thickness) and preferable carbon coating (∼1 nm in thickness, 2 wt.%). As a reference, LiMnPO 4 /C (LMP/C) composites were also fabricated via the traditional hydrothermal method. X-ray diffraction (XRD), scanning electron microscopy (SEM), transmission electron microscopy (TEM), energy dispersive X-ray spectroscopy (EDS), thermogravimetric analysis (TG), galvanostatic chargedischarge, and cyclic voltammetry (CV) were performed to characterize the crystalline phase, morphology, structure, carbon content, and electrochemical behaviors of samples. The electrochemical performance of bare and carbon-coated LiMnPO 4 was evaluated as cathodes in lithium ion batteries. As a result, the obtained ULMP/C nanoplates demonstrated much higher reversible capacities (110.9 mAh g −1 after 50 cycles at 0.1 C) and rate performances than pure LMP and LMP/C composites. This facile and efficient EG-assisted pyrolysis method can enlighten us on exploiting advanced routes to modify active materials with ultrathin and homogeneous carbon layers.
Introduction
Lithium ion batteries (LIBs), firstly commercially manufactured by Sony Company in 1991, are believed to be one of the most promising devices in terms of high energy/power density, environmental friendliness, and good safety and as a result they have been attracting intensive attentions in the ever-increasing requirements of portable devices and electric vehicles [1] [2] [3] [4] [5] . Ideal active materials for lithium storage should possess a host structure to store a significant amount of Li (i), be chemically and physically stable in the operating potential window (ii), have good electronic and ionic conductivity (iii), and be inexpensive and nontoxic (iv) [6] . Compared with the extensively studied and commercialized LiFePO 4 , LiMnPO 4 possesses the similar theoretical capacity (∼170 mAh g −1 ), low cost, and the same olivine structure with the rigid phosphate network and desirable electron/Li + transfer paths [7] . More importantly, LiMnPO 4 delivers a much higher redox voltage (4.1 V versus Li/Li + ) than that (3.4 V versus Li/Li + ) of LiFePO 4 , indicating a preferable power density and larger application potentials [8] . However, the intrinsically poor electronic conductivity (<10 −10 S cm −1 ) and Li + ion diffusion (<10 −7 cm 2 s −1 ) seriously restrict the lithiation/delithiation capability, especially the rate performances of LiMnPO 4 [9] . Moreover, the relative large volume variation (∼10%) during cycling and the gradual dissolution/loss of Mn 2+ ions into the electrolyte make it difficult for practical applications [10] .
To overcome these shortcomings, great efforts have been made and they mainly focused on three strategies: (i) adjusting particle size and morphology to reduce the transport path length of electrons and Li + ions [11] [12] [13] , (ii) doping with divalent or high valence cations to enhance conductivity [14] [15] [16] , and (iii) surface modification with highly conductive inorganic compounds and conductive polymers [17] [18] [19] [20] . Rangappa et al. reported a supercritical ethanol process to prepare LiMnPO 4 nanorods with different particle sizes (20-80 nm) , and the particles with smaller sizes exhibited higher reversible capacities [21] . Various methods, such as solgel method, spray pyrolysis, solid state reaction, hydrothermal/solvothermal synthesis, and polyol reflux synthesis, have been adopted to synthesize LiMnPO 4 nanomaterials with different morphologies [22] [23] [24] [25] [26] [27] . Among them, hydrothermal/solvothermal methods have been widely used due to the facile operation, mild condition, and easy to obtain uniform particles. Nevertheless, recent researches indicated that only reducing the primary particles to hundreds or even tens of nanometers was unable to compensate the sluggish kinetics and acquire desired rate capability [28, 29] . As a result, combining LiMnPO 4 with conductive materials such as the stable and high-conductivity carbon layers was an effective compensation. With high-energy ball milling of LiMnPO 4 particles and conductive carbon materials [30] [31] [32] [33] , the carbon layer on the surface of LiMnPO 4 particles was too massy and could be easily stripped owing to strong friction during the stirring procedure. Hydrothermal synthesis was also an effective way to fabricate carboncoated active materials especially metal oxide anodes [34] . However, carbon sources in the hydrothermal conditions were difficult to absorb on the surface of LiMnPO 4 without any modification. Moreover, this route generally led to a high carbon content (>10 wt.%), accompanied with the formation of carbon microspheres. Besides, the hydrothermal treatment was limited for large production to some extent. Therefore, it is significant to develop an efficient and low-cost strategy to encapsulate LiMnPO 4 particles with an ultrathin and homogeneous carbon layer.
In this work, ultrathin carbon-coated LiMnPO 4 (ULMP/C) nanoplates were prepared through an ethylene glycol-(EG-) assisted pyrolysis method. Different from most of LiMnPO 4 /C works, the obtained ULMP/C possessed relatively small particle size (less than 50 nm in thickness) and preferable carbon coating (∼1 nm in thickness, 2 wt.%). The ULMP/C nanoplates demonstrated considerable capacities (110.9 mAh g −1 after 50 cycles at 0.1 C) and rate performances. The EG-assisted pyrolysis method was facile, efficient, and suitable for large production and might enlighten us on exploiting advanced routes to modify active materials with ultrathin and effective carbon nanolayers.
Materials and Methods
All the chemicals were of analytic grade and were used without any purification. The LiMnPO 4 precursors were prepared with a solvothermal method. In a typical synthesis, H 3 PO 4 (80 wt.%, 2.94 g) was mixed with ethylene glycol (EG) (120 mL) in a 250-mL beaker. Then MnSO 4 ⋅H 2 O (5.07 g) was dissolved in water (30 mL) under ultrasonic for 10 min and then added to the H 3 PO 4 -EG solution mentioned above. Subsequently, LiOH⋅H 2 O (3.15 g) was introduced into the mixture solution under stirring to form a light-pink suspension. The mixture was transferred into a 200-mL autoclave after ultrasonic treatment for 30 min. The autoclave was sealed, heated at 150 ∘ C for 12 h, and cooled to room temperature. The white product was collected via centrifugation and washed with ethanol and distilled water for 3 times separately. The final product was dried under vacuum at 80 ∘ C overnight. For convenience, the obtained pure LiMnPO 4 was denoted as LMP. ULMP/C composites were prepared through an EG-assisted pyrolysis method. Firstly, sucrose (0.095 g) was dissolved in the mixture solution of deionized water (1 mL) and EG (0.5 mL) in a 5-mL beaker. The as-prepared LMP precursors (0.50 g) were added into the solution by stirring for ∼1 h to form slurry, dried in an oven at 80 ∘ C to form solid block, and then heated at 350 ∘ C for 1 h and 650 ∘ C for 5 h under an Ar flow in a tube furnace. As a reference, LiMnPO 4 /C composites (named LMP/C) were also prepared through a traditional hydrothermal method according to our reported work [35] .
The samples were characterized by X-ray diffraction (XRD, PANalytical X'Pert Pro with Cu K radiation, = 1.5418Å, scanning rate:
, thermogravimetric analysis (TG, Perkin Elmer thermobalance, heating rate:
, transmission electron microscopy (TEM, Tecnai G 2 F30 S-Twin operated at 300 kV), scanning electron microscopy (SEM), and energy dispersive X-ray spectroscopy (EDS) (Hitachi S-4700 operated at 15 kV).
The electrochemical performances were tested by the assembly of CR2032-type coin cells in an argon-filled glove box (O 2 < 5 ppm and H 2 O < 1 ppm). The working electrodes were mixed of active materials, acetylene black (AB), and polyvinylidene fluoride (PVDF) with a weight ratio of 70 : 20 : 10. N-Methylpyrrolidone (NMP) was used as the solvent. The average weight of the working electrodes was approximately 0.8 mg. Lithium metal was used as the counter and reference electrode. Al and Cu foils were adopted as the current collectors for the cathode and anode, respectively. Celgard 2400 was used as the separator. The electrolyte was 1 M LiPF 6 dissolved in a 1 : 1 : 1 volume ratio of ethylene carbonate (EC), ethylene methyl carbonate (EMC), and dimethyl carbonate (DMC). Cycling measurements were carried out at the voltage range of 2.0-4.5 V under a Land-CT2001A instrument at 25 ∘ C. Cyclic voltammetry (CV) was performed with a CHI660B. All the tested capacities were based on the whole weight of samples.
Results and Discussion
The synthesis process and formation mechanism of the ultrathin carbon layer by the EG-assisted method can be schematically illustrated in Scheme 1. Note that, ethylene glycol (EG) played an essential and unique role in this process. Firstly, EG was a good dispersant for water and sucrose. Both the EG and sucrose had abundant -OH groups, which made it easy to form EG-sucrose complexes especially during heating. More importantly, the C-O of EG possessed a pair of electrons and its ability to be a donor of oxygen atoms that enabled it to couple with Mn 2+ ions on the surface of LiMnPO 4 [36] . When mixing with LiMnPO 4 particles, EG-sucrose complexes can tightly and uniformly encapsulate the particles and convert into ultrathin carbon layer after calcination at high temperatures. 
Scheme 1: Schematic illustration of the EG-assisted method for ULMP/C composites. SEM, TEM, and EDS were performed to confirm the morphology, structure, and element distribution of LMP/C and ULMP/C composites ( Figure 2) . Figures 2(a) and 2(b) show that LMP/C composites derived from the traditional hydrothermal treatment consisted of nanoparticles (50-100 nm in length or thickness) with irregular shapes. In general, it was difficult for the hydrothermal method to realize the perfect carbon coating on LiMnPO 4 without any surface modification. As shown in Figure 2 (c), the carbon layer was incomplete and nonuniform although the carbon content reached 13 wt.% (see TG analysis below). In fact, carbon microspheres also formed during the hydrothermal process. Another negative effect of the hydrothermal treatment was that LiMnPO 4 precursors had another crystalline reformation and grew up into bigger particles to some extent (Figure 2(b) ). In comparison, the EG-assisted pyrolysis method provided an ultrathin and well-proportioned coating nanolayer with a very limited carbon and simultaneously maintained the morphology of precursors to the greatest extent. Figure 2(d) shows that ULMP/C particles had similar morphology and particle sizes with LMP/C. However, Figure 2 (e) demonstrates that the composites mainly consisted of nanoplates (less than 50 nm in thickness). HRTEM can clearly confirm that an amorphous and ultrathin carbon layer (∼1 nm in thickness) was uniformly coated on the crystalline particles (Figure 2(f) ). The lattice distance of 3.11Å was well assigned to the (2 0 0) plane of orthorhombic LiMnPO 4 (JCPDS 33-0803). The EDS mapping (Figure 2(g) ) can further illustrate the uniform distribution of all the elements of Mn, P, O, and C in ULMP/C composites. Profiting from these favorable features, ULMP/C nanoplates exhibited a preferable performance than pure LMP and LMP/C.
The carbon contents in ULMP/C and LMP/C composites can be confirmed by TG curves (Figure 3) . The small amount of mass loss (∼1 wt.%) before 300 ∘ C can be ascribed to the removing of the water absorbed on the particle surface. The rapid weight loss from 300 ∘ C came from the dramatic oxidation of carbon, since LiMnPO 4 was stable in air at 20-700 ∘ C. Therefore, the carbon contents in ULMP/C and LMP/C composites should be ∼2 wt.% and 13 wt.%, respectively. The carbon layer greatly improved the electron conductivity of LiMnPO 4 . In addition, it can effectively prevent the direct contact between the active material and electrolyte and postpone the attack from HF acid and the dissolution of Mn [37] . Profiting from the small LiMnPO 4 particle size and especially the ultrathin and uniform carbon nanolayer, ULMP/C nanoplates demonstrated a considerable lithium storage capacity and rate performances. Figure 4 showed the charge/discharge profiles of LMP, LMP/C, LMP/C without EG, and ULMP/C at a current density of 0.1 C (1 C = 170 mA g −1 ). As shown in Figure 4 (a), pure LMP was almost inert for lithium storage and exhibited very poor capacities (only 16 mAh g −1 for the 1st charge). In comparison, with the help of carbon coating, LMP/C and ULMP/C composites displayed much better voltage plateaus and higher capacities (∼160 mAh g −1 for the first charge) (Figures 4(b) and 4(d) ). The initial Coulombic efficiency of ULMP/C was 88.3%, much higher than that (54.8%) of LMP/C. The flat plateaus at ∼4.1/4.2 V should be ascribed to the insertion/extraction of Li + ions from LiMnPO 4 . The reduced polarization came from the increased electronic conductivity owing to the ultrathin carbon layer. Figure 4 (c) exhibited the poor capacity of LMP/C without EG. The initial charge and discharge capacities were 79 and 67 mAh g −1 , respectively. However, the reversible capacities rapidly reduced to ∼20 mAh g −1 , much lower than the counterpart of ULMP/C composites. The obvious difference came from the ununiformed carbon of LiMnPO 4 /C particles without EG. Figure 4 (e) presents the CV curves of ULMP/C for the initial 3 cycles at a scanning rate of 0.1 mV s −1 . The oxidation peak at ∼4.3 V corresponded to the extraction of Li + ions from LiMnPO 4 , while the reduction peak at ∼3.9 V was assigned to the reversible insertion of Li + ions, which is in good agreement with the voltage plateaus of charge-discharge profiles. The oxidation and reduction peaks seem to be symmetric, indicating a good reversibility. The almost overlapped curves for the 2nd and 3rd cycles suggested the improved kinetics and better cycling stability. The EIS spectra were performed to investigate the charge transport kinetics for the electrochemical behaviors of the samples (Figure 4(f) ). It is clear that the semicircles in the high-to-medium frequency range for ULMP/C was much smaller than that of pure LMP and LMP/C, indicating that the ultrathin carbon coating on the surface of LiMnPO 4 could greatly improve the charge transfer ability of Li + ions at the interface between the electrolyte. The charge transfer should be much easier for the ultrathin carbon layer in ULMP/C.
As shown in Figure 5 (a), the reversible capacity of pure LMP was only ∼2 mAh g −1 after 50 cycles. Benefiting from the enhanced conductivity, LMP/C exhibited an initial reversible capacity of 96.5 mAh g −1 which reduced to 68 mAh g −1
(∼70% retention) after 50 cycles, while the initial reversible capacity of ULMP/C reached 130.8 mAh g −1 and maintained 108.5 mAh g −1 (∼83% retention) after 50 cycles. The ULMP/C composites also demonstrated much better rate performances than pure LMP and LMP/C ( Figure 5(b) ). When the current densities increased stepwise from 0.05 C to 0.1 C, 0.2 C, 0.3 C, and 0.5 C, the reversible capacities were approximately 130, 115, 100, 90, and 80 mAh g −1 , respectively. When the rate returned to 0.05 C again, an average capacity of 120 mAh g −1 could be recovered. All these values were much higher than the counterpart of pure LMP and LMP/C composites.
The obviously enhanced performance of ULMP/C can be attributed to the ultrathin and well-proportioned carbon coating layer. (i) In comparison with pure LMP, ULMP/C possessed better electronic conductivity due to the existence of carbon network. (ii) Profiting from the ultrasmall content (2 wt.%) of carbon, ULMP/C had much more active components (98 wt.%) for lithium storage. In comparison, the LiMnPO 4 content in LMP/C was only ∼87 wt.%. (iii) Although the carbon in the ULMP/C was very limited, the well-proportioned encapsulation made it more effective than the 13 wt.% carbon in LMP/C to avoid the dissolution/loss of Mn and hence maintained a good support integrity and cycling stability.
Conclusions
In summary, ULMP/C nanocomposites, consisting of small LiMnPO 4 nanoplates and preferable carbon coating (∼1 nm in thickness, 2 wt.%), were prepared through an EG-assisted pyrolysis method. The obtained ULMP/C nanoplates demonstrated much higher reversible capacities (110.9 mAh g −1 after 50 cycles at 0.1 C) and rate performances than that of pure LMP and LMP/C composites from the hydrothermal carbon coating route. The enhanced performance can be mainly attributed to the ultrathin and well-proportioned carbon coating nanolayer, which not only significantly improved the conductivity of LiMnPO 4 but also effectively protected the active particles from the attack from HF acid and the dissolution of Mn 2+ ions. This facile and efficient EG-assisted method can enlighten us on exploiting advanced routes to modify active materials with ultrathin and homogeneous carbon layers.
